Introduction
Optimizing the live weight of broilers at slaughter is very important for farmers to obtain maximum profit and minimum expenses of rearing. Estimation of growth for live organisms versus time is implemented by either linear or nonlinear function (1) . Growth is defined as an increase in body size per time unit. This economic parameter greatly affects the broiler industry in global-scale models (2) . However, continuous measurement of growth processes is an impossible task since the shape of internal organs could change differently at different phases of growth. Therefore, mathematical functions may help us to fit growth rates, describing the growth pattern in a coherent framework, which is useful for computing objectives (3, 4) . The growth curves extracted by fitted functions give a set of parameters that can be used to predict animal weight at a specific age over time, allowing for an accurate decision on selection (3, 4) . The understanding of function parameters in biological information could help develop breeding strategies parallel to changing growth patterns (5) .
Growth functions could be implemented to relate body weight to either age or cumulative feed intake and predict daily energy and protein requirements of the animals (6) . In a comparative study, it was shown that the Gompertz function was the best one among 11 growth functions to describe body weight (7) . However, Raji et al. (8) and Ozkan and Kocabas (9) suggested that Weibull and logistic functions, in that order, were the best functions for growth in quail based on the goodness of fit. In general, most studies reported that Gompertz and Richards functions could describe the time-dependent changes of growth fairly well in Japanese quail (10) (11) (12) (13) (14) (15) .
Japanese quail is currently the smallest poultry species bred for meat and eggs. Characteristics including rapid growth, resistance to diseases, small body size, and limited space requirements for breeding make quails useful economic and laboratory animals for genetic and biological studies (16, 17) .
A variety of plumage color mutations in Japanese quails has been reported (16, 18 ) that may be considered as different quail strains. Feather pigmentation may affect tissue color and subsequently change the consumer tendency for quail meat (19) . Many Japanese quail strains were derived from wild quails. These strains have some 
where:
R !"#$% ! = coefficient of determination; SSE = sum of squared errors; SST = total sum of squares; n = number of observations; and p = number of parameters. Smaller Akaike and Bayesian information criteria or mean square error (MSE) (7) and larger adjusted coefficient of determination (R 2 Adj ) for a function represent a better fit to the data. The growth functions for each strain were fitted to the body weight data by nlme package R using a port algorithm (https://cran.r-project.org/web/packages/ nlme/index.html). The statistical differences in growth parameters between strains were determined by Student's t-test. Data on absolute growth rate (AGR), age, and weight at inflection point were analyzed by GLM and least square means were used to detect the differences between strains.
Results
The descriptive statistics for body weight traits of the strains are presented in Table 2 . The maximum and minimum values of hatching weight (day 1) are those of the Italian Speckled and Wild strains. The highest mean of body weight of 42 days was for the Italian Speckled strain, which could be due to its high hatching weight. Followed by the Italian Speckled strain, the Wild strain had a higher body weight of 42 days despite having a lower hatching weight than other strains, indicating its higher growth rate.
The estimated parameters for all functions in the quail strains are shown in Table 3 . The parameter W 0 , which is initial body weight, was smaller in the Gompertz function than other functions for all strains. In the Gompertz function, the value of W 0 was significant between strains (P < 0.05), and the highest value for W 0 was seen in Italian Speckled followed by the Wild strain while the lowest value was estimated for the Tuxedo strain. The maximum and minimum values for W 0 in the logistic function were obtained for the Italian Speckled and A&M Texas strains, respectively. The difference in W 0 parameter was statistically significant between strains in the logistic function (P < 0.05), while there was not a significant difference among strains in the Richards, Lopez, and Weibull functions.
The estimated values for W f , final weight, by the Gompertz and Lopez functions were higher than those of other functions. In these functions, the Wild and Scarlett strains had the highest and lowest W f values, respectively. The estimated W f parameter using the Richards and logistic functions was the highest for the Italian Speckled strain while the lowest value of W f was estimated for A&M Texas and White button strains, respectively. In the Weibull function, the highest and lowest values for W f were observed for the Wild and Scarlett strains, respectively. There was a significant difference among strains for W f , k, and m parameters in all fitted functions (Table 3 ). The lowest and highest values for the m parameter were estimated respectively for the Wild and Tuxedo strains (except for the Richards function). In the Richards function, A&M Texas and then the Tuxedo strain showed the highest value of the m parameter and the difference between these strains was not significant. Table 4 shows the goodness of fit criteria for all functions in the seven quail strains. In all strains (except the Italian Speckled and Wild strains), the logistic function had the lowest AIC, BIC, and MSE values and the highest R 2 Adj ; thus, this function could be the best for describing growth curves of these strains. According to four goodness of fit criteria, the Gompertz function is the worst function for the Tuxedo and A&M Texas strains, while the Lopez function was the worst function for the English white, White button, and Scarlett strains ( Table 4) . The values of AIC and BIC for the Gompertz function were the lowest for the Italian Speckled and Wild strains, but the R 2 Adj value for these strains was the highest using the Weibull and Richards functions, respectively. The goodness of fit by MSE value for Italian Speckled and Wild strains was the lowest in the Gompertz and Richards functions, respectively. In the Wild strain, the difference of BIC criteria between the Gompertz and Richards functions was higher than the differences of MSE and R 2 Adj criteria, and the Gompertz function had the lowest BIC. Therefore, the Gompertz function was the best function for describing growth curves of the Italian Speckled and Wild strains.
Age and weight at the inflection point of all strains using different growth functions are shown in Table 5 . In the Gompertz function, the highest and lowest values of age and weight at inflection point were for the White button and Scarlett strains and the differences between the highest and lowest values were significant (P < 0.05). The age and weight at the inflection point value for the Italian Speckled strain by the Gompertz function (the best function for this strain) were 25.141 days and 124.093 g, respectively. The age at the inflection point for the Italian Speckled strain has a significant difference with the lowest and highest values of this parameter (P < 0.05), but the weight at the inflection point of this strain was only significant with the lowest value (P < 0.05).
The ranges of age and weight at the inflection point for the Richards function varied from 22.864 (Scarlett strain) to 27.037 days (White button strain) and from 106.668 (Scarlett strain) to 125.851 g (Wild strain), respectively. The difference between the highest and lowest values was statistically significant (P < 0.05). The age and weight at the inflection point for the Wild strain in the best function (Richards function) were obtained as 26.042 days and 125.851 g, respectively. The Scarlett and White button strains have the lowest and highest age and weight at the inflection point compared to other strains in the logistic function. The age at inflection point value for Tuxedo, Scarlett, English white, White button, and A&M Texas in the logistic function were 25.383, 22.925, 25.913, 29.029, and 25.811 days, respectively. Again, the difference between Scarlett and White button strains and all other strains was significant (P < 0.05). The estimated weight at the inflection point for Tuxedo, Scarlett, English white, White button, and A&M Texas in the best function (logistic function) was estimated to be 116. 451 107.645 g, respectively. The highest age and weight at the inflection point in the Lopez and Weibull functions were observed for the Wild strain, while the lowest values for age and weight at inflection point were for the Scarlett and A&M Texas strains, respectively. The age and weight differences at the inflection point were not significant between strains in the Weibull function, but they were significantly different in some strains in the Lopez function. According to the best function for each one of the strains (Table 4) , the White button and Scarlett strains exhibited the highest and lowest values of age and weight at the inflection point, respectively (Table 6 ). As can be seen from Table 6 , the weight to age ratio at the inflection point for all strains in the best function was the highest in the Italian Speckled strain, followed by the Wild strain. This ratio could be a criterion to show the growth rate of strains. Accordingly, breeding of Italian Speckled and Wild strains could be useful for meat poultry due to having a higher weight to age ratio.
AGR at different ages for all strains was estimated using the best function for each strain and results are presented in Table 7 . The highest and lowest AGR for the ages of 1, 7, and 14 days were estimated for the Italian Speckled and White button strains, respectively. The Scarlett and Tuxedo strains had the highest values of AGR at 21 and 28 days, respectively, while the lowest values for these ages were obtained for the White button strain. The highest AGR at ages 35 and 42 days was related to the Wild strain, followed by the Italian Speckled strain. The lowest AGR values were estimated for Scarlett at ages of 35 and 42 days. As seen in Table 6 , the Italian Speckled and Wild strains have the highest AGR at most ages while the White button and A&M Texas strains have the lowest values, suggesting that the Italian Speckled and Wild strains are appropriate for meat production. Table 1 showed that the standard deviation of body weights increased with increasing age in all strains. Increase of the standard deviation with time is expected for time series data (8) . Similar results were reported by Aggrey (5), Nahashon et al. (21) , and Raji et al. (8) .
Discussion
The growth curve parameters by the Richards function were estimated for Wild, brown, and white quail strains. The W 0 , W f , m, and k values for the Wild strain were reported to be within the ranges of 8.461-8.630, 190.319-253.835, 0.170-0.424, and 0.074-0.099, respectively (12) . Moreover, results for the Wild strain (with Richards as the best function) in this study were within the ranges of reported data (except W f , which was higher than in other reports). The reported W 0 and k parameters for white and brown strains are in agreement with those of the present findings, but the reported W f and m values for brown and white strains were smaller than ours. Different growth parameters among different studies could result from different genotypes, environmental conditions, and fitted functions for strains (22) .
The goodness of fit for functions is generally performed using MSE and R 2 Adj criteria, where the function with the smallest MSE is assumed to have the best fit for the data (23) . According to the overall goodness of fit criteria, the Gompertz function was the best function for describing the growth curve of the Italian Speckled and Wild strains. In comparative studies of various growth functions, it has been shown that the Gompertz and Richards functions reflect weight changes rather the age in Japanese quail well (7, 10, 12, 13, 15) , which is in agreement with results of this study for the Italian Speckled and Wild strains. The logistic function was the best for most of the strains (Tuxedo, Scarlett, English white, White button, and A&M Texas), which is in line with the results of Raji et al. (8) . However, Ozkan and Kocabas (9) reported the Weibull function as the best function for describing the growth curve of Japanese quail in Nigeria (8) , which is opposed to this study's findings. Selection of a flexible function with the least complexity among the available functions is necessary for researchers when choosing an appropriate growth function. For example, the Gompertz and Logistic functions are simple and fit well to short time series data such as growth records of animal species (6) , but the Richards function has an additional parameter and is more complex than the Gompertz and logistic functions. This function can fit well into complex patterns, but it requires a long time series and has fitting difficulty (24) .
Growth curves are often nonlinear sigmoidal functions with an asymptote and an inflection point (25) . Assuming an appropriate growth function, the accuracy of function parameter estimation depends on the accuracy of the data (4).
The weight and age at inflection point by the Gompertz function were reported to be 81.70 g and 14.95 days, respectively (7) . The ranges of weight and age at the inflection point for quails varied within the ranges of 74.85-89.89 g and 18.74-21.22 days by Gompertz function (11, 26) , smaller than the estimated age and weight at the inflection point for all strains in the present study. Age and Values within the same column with a different superscripted letter have a significant difference (P < 0.05). * t i and W i are age and weight at the inflection point, respectively. Values within the same column with a different superscripted letter have a significant difference (P < 0.05).
weight at inflection point were obtained higher for brown strain females (12) , but White button had the highest age and weight at the inflection point in the present study. Italian Speckled followed by the Wild strain presented the highest AGR at most ages. The difference of daily gain of the quail strains was reported in other research, such that males of white and females of wild quails were better than other strains with respect to growth rate (12) . The average values for AGR were reported as 3.56 g (7, 12, 14) , which is smaller than the AGR at the age of 35 days for all strains (Table 7) . It was reported that absolute growth rate of all quail strains increased until about week 3, which is the age of maximum accumulation, and thereafter a rapid decline occurred (27) . This result is consistent with our findings for the Italian Speckled and Scarlett strains while opposing the findings for the remaining strains (Wild, Tuxedo, English white, and White button; Table 7 ). The absolute growth rate of the Wild, Tuxedo, English white, White button, and A&M Texas strains increased until about week 4, then decreased to 42 days.
The differences between growth rates in the early part of the developmental period for strains could represent correlated differences in final weight. In this study, the White button strain with lower AGR had a lower 42-day body weight (Table 1) , which is in line with the results of Sezar and Tarhan (28) .
Various sets of gene lines and strains could represent the differences in early and late growth of the lines (12) . This was reported in quail (5) . As confirmed by analyses of different lines (20) , the choice of the function must be strain-specific. The findings of the present study showed that it is necessary to apply a strain-specific function for describing a growth curve.
In conclusion, five functions were compared in terms of the goodness of fit criteria for seven quail strains and it was found that the Gompertz and logistics functions were the best for describing growth curves in Italian Speckled, Wild, and other strains, respectively. For most of the strains, simple functions (fixed inflection point) represent the best descriptions of age-related changes in weight. The results suggest that it is necessary to pay attention to the characteristics of the growth patterns of different strains under various environmental conditions. Italian Speckled followed by the Wild strain showed the highest weight to age ratio at the inflection point and absolute growth rate compared to other strains. Therefore, these strains could be considered as broiler poultry. Furthermore, age and weight at the inflection point and growth rate at different ages in strains could be used as effective criteria in breeding strategies.
